In situ deformation studies of polycrystalline materials using diffraction are an established method to understand elastic and plastic deformation of materials. Studies of active deformation mechanisms, the interplay of deformation with texture and ultimately the development of predictive capabilities for deformation modeling are an active field of research. Parameters studied by diffraction are typically lattice strains and texture evolution, which coupled with the macroscopic flow curve allow for improved understanding of the micro-mechanics of deformation. We performed a study of the uni-axial deformation of Zircaloy-2 at 2 GPa at the 13-BM-D beam line at the Advanced Photon Source. The deformation-DIA apparatus generates a confining hydrostatic pressure using a cubic anvil setup. Two differential rams allow increase (compressive load) or decrease (tensile load) of the uni-axial straining in the vertical direction, allowing studies of plastic deformation at high pressures. In this paper, we describe how macroscopic strains, hydrostatic pressure and uni-axial strains are derived and present some brief results.
INTRODUCTION
Over the last three decades, neutron and (more recently) high energy synchrotron x-ray diffraction techniques have been developed for in situ studies of the deformation of polycrystalline solids. More recently, sample environments have been developed to allow for studies of deformation at non-ambient conditions, such as high and low temperature, high pressure, and electric fields. Specifically, the D-DIA system at the APS has only recently come in use to study uniaxial deformation at high hydrostatic pressure. Literature on high pressure deformation behavior is sparse, with the published investigations focusing on Mg-bearing minerals [1] [2] [3] [4] . Here, we report results on a study of the uni-axial deformation of a zirconium alloy (Zircaloy-2). Materials with hexagonal crystal structure deform by twinning and slip [5] [6] [7] [8] [9] . It is well established that the activation of slip is controlled by the resolved shear stress on the operating slip system. However, in the case of deformation twinning, it is an open question as to whether the normal component of the stress might also play a roll in activation. By increasing the hydrostatic pressure on a material during uni-axial deformation, the normal stress on a twin system is increased, but the shear stress remains constant. With the D-DIA apparatus, Figure 1 , used in this study, this question can be tackled experimentally for the first time. The activation of deformation twinning has a distinct signature in the development of the crystallographic texture during deformation. During deformation by slip, a grain is reoriented in a continuous manner by a few degrees at relative low strains (<10%), whereas twinning comprises a discrete crystallographic reorientation on the order of tens of degrees even at small strains depending on the material [10] . Hence, deformation by twinning induces a relatively large and easy to follow Examples of different materials in the D-DIA cell with different contrast between pressure medium and sample, from left to right magnesium, beryllium, and two zirconium samples. In cases without sufficient contrast between pressure medium and sample, such as for magnesium and beryllium, a thin gold foil was placed on top and bottom of the sample as a marker for the sample dimensions. change in texture and the twinning activity can be derived from the texture evolution during deformation.
EXPERIMENTAL METHOD
The uni-axial deformation experiment at high pressure was performed on the 13-BM-D beam-line at the GSECARS sector at the Advanced Photon Source, Argonne National Laboratory, USA, using the D-DIA setup [11] . The sample was an extruded Zircaloy-2 (Zr-1. 4Sn-0.1Cr-0Fe-0.1O-0.05Ni wt. %) cylinder of 1.2 mm diameter and 1.2 mm height. The extrusion axis of the sample was oriented vertically, parallel to the uni-axial loading direction. Pure Zirconium metal has a phase transformation at ~2 GPa which was undesirable for the present experiment and is prohibited in Zircaloy-2 by the alloying elements. The deformation-DIA apparatus is described in detail elsewhere [11] , and we only give a brief overview here. Six anvils in a cubic setup produce a confining hydrostatic pressure. The two vertical anvils (differential rams) may be driven independently allowing for an increase (compressive) or decrease (tensile) of the uniaxial straining in the vertical direction, resulting in plastic deformation at high pressures. An experimental uncertainty arises from the quality of the hydrostatic pressure, namely the amount of deviatoric stress and the variations of the hydrostatic pressure with applied uniaxial load. Diffraction data is recorded using an X-ray sensitive CCD camera, providing full DebyeScherrer diffraction rings up to 2θ≈9°, which with λ=0.1901 Å provides a d-spacing range of ~1-3.5Å. Lattice strains determined from the peak positions allow deconvolution of the hydrostatic and deviatoric stresses while the texture development is monitored through peak intensity variations. By moving the aperture slits out of the beam and exposing an X-ray fluorescent screen viewed by another CCD camera, X-ray radiography of the sample is performed ( Figure 1 ) alternatively with the diffraction. The absolute sample length, and hence macroscopic strain, is measured in the radiograph. Procedures for radiography and diffraction data analysis are described below.
MACROSCOPIC STRAIN
A CCD camera providing images of 1300 × 1030 pixels records radiography images of the sample embedded in the boron nitride and alumina pressure medium. From the length of the sample in these images, the length change relative to the first pattern and hence the macroscopic strain can be determined. The number of runs per experiment is of the order of 100, hence, automated analysis is mandatory. Figure 2 shows examples of various materials studied by our group in the D-DIA apparatus to illustrate the different conditions to be considered for the macroscopic strain determination. The sample dimensions are defined by edges in the intensity profile. In order to increase the robustness of the algorithm, we perform a noise reduction in the radiography image prior to searching for the edges. By applying a simple mean value filter (moving average), the available amount of information is reduced, e.g. edges from contrast between sample and pressure medium become blurred and as a result even harder to detect. A better solution is the median filter, in our case with a fixed width of 7 pixels. The median filter returns the middle value after sorting the intensity values along a section of a vertical line in an image, i.e. the 4th highest intensity over filter width of 7 pixels. As a result, no new values are created to disturb the actual image; instead noise spikes over a pixel range less than half the size of the median are not flattened but completely removed, i.e. 2 pixel wide noise peaks are eliminated by a 7 pixel wide median. Most importantly, edges remain untouched in position and height. Figure 3 schematically compares the mean and median filters and Figure 4 shows an actual example of a median filtered vertical slice through a radiograph, illustrating the conservation of edge position and slope.
Following the noise reduction is the determination of an 'area of interest', reducing the amount of columns to be examined for the further analysis. Scanning from each edge to the middle of the center row, each intensity is compared to a fixed background intensity of 125 out of 65535 possible intensities. Once the pixel intensity is greater than 125, all previous columns are masked out, resulting in a cropped image with the section marked by the green bar shown in Figure 5 . Note that this treatment also centers the sample vertically in the area of interest.
To define the sample length along each column, a Laplace-filter moving vertically from the center towards both edges of each column is applied. This filter performs a numeric derivation, i.e. calculates the slope of the intensity graph in the vertical direction. Due to the high resolution of the radiography images, the derivative is calculated initially over seven pixels. If the Laplace filter returns an insufficient amount of successfully evaluated sample length values, which occurs in less crisp images, the filter interval is broadened. Lowering the necessary threshold instead would end up in less reliable edge detection, since even remaining structure within the sample would trigger the filter. To calculate the final sample length, the results of each column are sorted by length. The upper and lower 10% of the columns in this order are rejected as noise. The remaining values are averaged and represent the sample length.
TOTAL UNI-AXIAL STRESS
Application of a hydrostatic pressure ideally preserves the Debye-Scherrer rings as circles on a perfectly aligned image plate. The uniaxial stress, on the other hand, distorts the rings into ellipses, allowing deconvolution of hydrostatic and deviatoric/uni-axial lattice strains, which then can be converted to hydrostatic stress, or pressure, and uni-axial stress. The strain in the direction of the loading axis can be converted to the total applied uniaxial stress, the sum of hydrostatic pressure and applied uniaxial load. For both types of diffraction data analysis, an outlier rejection was first applied to the 2D diffraction data. For the outlier rejection, the mean value along a DebyeScherrer ring is computed and pixels with intensities outside n times the width of a Poisson distribution around this mean value are marked as unusable for the following integration [12] . To compensate for intensity variations due to texture, a rather large n of 7 was used to reject bad pixels of the CCD camera. Figure 6 gives an example of the noise reduction. Both, noise reduction and integration were done using the software Two2One [13, 14] .
For the determination of the total applied stress, an azimuth segment of ±10° around the loading direction was integrated into a conventional I(2θ) scan. The strain of the (10.2) lattice planes in the longitudinal (vertical, parallel to the loading axis) direction and the diffraction elastic constant of 92 GPa for this lattice plane obtained in a neutron diffraction experiments on same material allowed to calculate the total uni-axial stress in the loading direction. The (10.2) lattice strain in a hexagonal material behaves close to linear during plastic deformation, similar to the (311) lattice planes in fcc materials [15] , and hence provides a reliable measure for the uni-axial stress in both the elastic and plastic deformation regimes. The peak-shift was determined by single peak fits to the (10.2) reflection using the GSAS package [16] . Since the (10.2) lattice strain in the longitudinal direction is an overlay of the hydrostatic and deviatoric strains, the stress derived from this strain is also the sum of hydrostatic pressure and uniaxial stress. The stress derived this way together with the macroscopic strain from the radiography analysis is shown in Figure 7 and compared to the flow curve for the identical material loaded in the same orientation at ambient conditions on the SMARTS neutron diffractometer. The elastic moduli during loading and unloading are 86(1)/125(1) GPa and 89(6)/125(7) GPa for the SMARTS and D-DIA data, respectively. The excellent agreement indicates the validity of our stress/strain analysis. The moduli are different for loading and unloading due to the texture changes during plastic deformation by twinning and agree well with the modulus of 99 GPa published on MatWeb.com for texture-free Zircaloy-2.
HYDROSTATIC PRESSURE AND DEVIATORIC STRESS
The full stress state was derived from (10.2) strains relative to the peak positions as a function of azimuth angle α derived from the first pattern, for which no stress or pressure was applied. The initial diffraction geometry (sample to detector distance, detector tilt) was derived from a ceria powder pattern using Fit2D [17, 18] . Assuming that the ceria powder used for the calibration was stress free and since the Fit2D ceria calibration did not result in negligible strains as a function of azimuth, shifts for each azimuth angle were determined from the ceria powder azimuth strains and applied to correct the Zircaloy-2 data. Because the sample moved during the deformation, the resulting shift of the center of the Debye-Scherrer rings was estimated assuming that opposite azimuth segments should result in the same strains, resulting in horizontal and vertical offsets x C and y C for the strains found by minimizing the difference between strains of opposite directions:
(1) Corrections less than 20 microstrain were found for the horizontal direction while the correction in the vertical direction was up to 1125 microstrain. This indicates a predominant sample motion in the vertical direction, consistent with the vertical uni-axial loading axis. The corrected strains were fit to the equation for strains in materials with hexagonal crystal structure presented by Singh and Balasingh [19] ( ) ( )
with the hydrostatic and deviatoric strains ε h and ε d , respectively, as fit parameters, Figure 8 Deviatoric Stress Hydrostatic Pressure Figure 9 . Hydrostatic pressure and deviatoric/uni-axial strain during deformation of Zircaloy-2. The arrows indicate the loading cycle.
from the SMARTS neutron measurement was again used to convert the deviatoric strain to deviatoric or uni-axial stress. The preliminary results are plotted in Figure 9 versus the macroscopic strain from the radiography analysis. They clearly show that the hydrostatic pressure is far from constant during the uni-axial deformation, calling for a better control of the four horizontal anvils during the experiment. However, the plastic deformation occurs at approximately constant pressures of ~3 GPa and 1 GPa for compressive and tensile deformation, Figure 8 . Derivation of hydrostatic pressure and deviatoric stress from 2D detector data.
respectively, and hence allow the desired investigation of twinning at constant pressure in good approximation. The results of this twinning study will be presented elsewhere. The elastic moduli for loading and unloading from the deviatoric stresses only are with 66(5) GPa and 58(3) GPa, respectively, significantly lower than the elastic moduli from the total stresses parallel to the loading direction. This is expected since the deviatoric stress is smaller than the total stress.
SUMMARY
Data analysis procedures to derive macroscopic strain, hydrostatic pressure and deviatoric/uniaxial strain from synchrotron radiography and 2D diffraction data are presented. The procedures allow derivation of flow-curves for uni-axial loading experiments at high pressures in the D-DIA setup at the Advanced Photon Source.
